Since the late 1980's, the South Carolina Department of Health and Environmental Control (SCDHEC) has expressed concern over extremely high fecal coliform counts found in several of the many storm drains that discharge from peninsular Charleston (City of Charleston, 1998). Although the City of Charleston is responsible for the fifty-plus storm drains, Charleston Water System wants to determine if the fecal contamination is of human origin, indicating possible cross connections between the sanitary sewer system and the stormwater drainage system. Charleston Water also wants to determine the overall quality of the water being released from the storm drains to see how these diffuse sources may affect the total maximum daily load (TMDL) of Charleston Harbor. An objective of this study is to determine the levels of biochemical oxygen demand (BOD) and ammonia as N being discharged from the storm drains, indicating possible pollution that may affect the calculation of the TMDL. Another objective of this study is to determine if the fecal pollution (indicated by fecal coliform and enterococci numbers) is human vs. nonhuman in origin, as evidenced by developmental microbial source tracking (MST) technology. Five storm drains and two background receiving waters spanning the Charleston peninsula were chosen as sampling sites. Analyses performed by Charleston Water included: BOD, ammonia as N, fecal coliform by membrane filtration, and enterococcus by Enterolert TM . Samples were also tested by the National Oceanic and Atmospheric Administration's (NOAA) Center for Coastal Environmental Health & Biomolecular Research (CCEHBR) for somatic and male-specific coliphages, human-associated F + RNA coliphages, and norovirus; samples were tested for the human-associated archaean Methanobrevibacter smithii by the University of Southern Mississippi in Hattiesburg, MS to help determine the origin of the fecal contamination. Measured BOD concentrations and ammonia as N concentrations indicate low concentrations and overall good water quality. As expected, fecal coliform and enterococci counts are extremely high, indicating fecal pollution. Evidence of human fecal contamination has been identified in two storm drains as indicated by NOAA and the University of Southern Mississippi using MST technology, implying possible cross connections between the sanitary sewer system and stormwater drainage system in these localized areas.
(SCDHEC) has expressed concern for extremely high fecal coliform counts found in several of the various storm drains that discharge from peninsular Charleston (City of Charleston, 1998) . The City of Charleston was put under a consent order (92-06-W) in 1992 by SCDHEC to investigate corrective actions for reducing the fecal coliform levels in these storm drains (City of Charleston, 2004) . Throughout the 1990's and into the 2000's, the City of Charleston and the Charleston Water System have conducted various studies, identifying and correcting cross connections between sanitary sewers and storm drains (City of Charleston, 1998 Charleston, , 2004 Charleston, , 1999 Charleston, , 2002 . Despite these corrective measures, fecal coliforms persist at high levels, and the consent order remains open. The City of Charleston is responsible for the plus-fifty storm drains that extend the peninsula. Charleston Water wants to determine if the fecal contamination is of human origin, indicating possible cross connections between the sewer lines and the storm drains. Charleston Water also wants to determine the overall quality of the water being released from the storm drains to see how these point sources may affect the total maximum daily load (TMDL) of Charleston Harbor.
STUDY PLAN
The purpose of this study is to determine the extent of inter-connections, if any, between the stormwater drainage system and the wastewater collection system of peninsular Charleston. Fecal coliform indicators remain ever-present in the natural water environment, and therefore it is necessary to investigate other water quality parameters in order to help determine wastewater contamination. Along with fecal coliform counts, other biological methods chosen for this study as fecal pollution indicators included the presence of enterococci, of somatic and male-specific coliphages, of human-associated F + RNA coliphages, of norovirus, and of the archaean Methanobrevibacter smithii. Wastewater is also characteristic of high levels of ammonia and Biochemical Oxygen Demand (BOD). These parameters were investigated as organic indicators of possible pollution. Fecal coliforms, enterococci, ammonia as N, and BOD were all analyzed in-house by the SCDHEC-certified laboratory of Charleston Water System. (Charleston Water was not certified at the time of this study for enterococci by Enterolert TM , but has since obtained certification). Coliphages and norovirus were analyzed by NOAA's Center for Coastal Environmental Health & Biomolecular Research in Charleston, SC. M. smithii was analyzed at the University of Southern Mississippi in Hattiesburg, MS.
In the efforts to identify possible cross connections between the sanitary sewer system and the storm drain system, seven representative sites around the Charleston peninsula were chosen for testing using the above mentioned parameters during four separate sampling periods. Due to the constant flushing and draining of the storm drains by the Charleston Harbor tides, it was necessary to collect samples during the ebb tide to get an accurate assessment of the water draining from the city. Sampling was designed to be conducted during dry weather conditions to prevent run-off from interfering with results. Unfortunately, Charleston summertime weather made it nearly impossible to collect samples at times of no rainfall during a falling tide. Thunderstorms, rolling through Charleston in the afternoon, are almost a daily occurrence during times of hot weather. The sampling plan was designed to incorporate three seasons: spring, summer, and fall. Listed in Table 1 Charleston, 2004 Charleston, , 1999 Charleston, , 2002 . The Spring St and Calhoun St outfalls were also examined to incorporate the west side of the peninsula. Brittlebank Park on the Ashley River and Waterfront Park on the Cooper River were chosen as background sites, representing the receiving waters around Charleston. Sample site locations are identified in Figure 1 and 
CHARLESTON WATER LABORATORY METHODOLOGIES:
Biochemical Oxygen Demand (BOD) (Standard Methods, 1998) BOD (5-day) is an index of the gross organic constituents that are biodegradable in a sample, and it determines the relative oxygen requirements of the sample. It is useful in determining the waste loading of wastewater treatment plants and the BOD removal efficiency of the plant. The test measures the oxygen utilized for the biochemical degradation of organic material and oxidation of inorganic material such as sulfides, ferrous iron, and nitrogen during a specific incubation time (5 days) at a constant temperature (20°C).
The method requires the sample to be warmed to 20°C and the pH of the sample adjusted, if necessary, to fall in the range of 6.5 to 7.5. Effluent samples are seeded (introduced to a population of microorganisms) with wastewater that has not been disinfected. It is unnecessary to seed the stormwater samples collected in this study. Several dilutions are then analyzed to find the appropriate range. With each sample batch, quality control samples include dilution water blanks and a Glucose/Glutamic Acid sample of known BOD value.
Fecal Coliform by Membrane Filter Technique (Standard Methods, 1998)
Fecal coliforms are microorganisms from the intestinal tracts of warm-blooded animals, as opposed to, the total coliform group, which encompass fecal coliforms as well as other species occurring naturally in the environment. The membrane filter technique is highly reproducible and can be used with large volumes of sample. This method is applicable to drinking waters, a variety of natural waters, and chlorinated wastewater effluents. This method uses a selective medium and elevated temperature of 44.5°C to selectively quantify fecal coliform bacteria.
Samples were collected in pre-sterilized, 290 mL bottles, with sodium thiosulfate added to quench any disinfectant present. Samples were analyzed within 6 hours of collection. Multiple dilutions were analyzed for each sample to obtain countable plates of 20 to 60 bacterial colonies per plate. The medium used was m-FC medium, and samples were incubated for 24 hours in a waterbath at 44.5°C.
Enterococcus by Idexx Enterolert™
The enterococcus group of bacteria is a subgroup of the fecal streptococci that includes S.faecalis, S. faecium, S. gallinarum, and S. avium. Like fecal coliforms, the enterococcus group is also found in the feces of warm-blooded animals and is a good indicator for recent contamination of surface waters.
Enterolert™ detects enterococci in fresh and marine water. It is based on Idexx's patented Defined Substrate Technology®. When enterococci utilize the β-glucosidase enzyme to metabolize Enterolert's nutrient-indicator, 4-methyl-umbelliferyl β-D-glucosidase, the sample fluoresces under a long wave UV lamp. Enterolert™ utilizes a quanti-tray system that produces a quantifiable result by Most Probable Number (MPN).
Samples were collected in pre-sterilized, 290 mL bottles, with sodium thiosulfate added to quench any disinfectant present. Samples were analyzed within 6 hours of collection. Multiple dilutions were analyzed for each sample to obtain countable trays. A unit dose of Enterolert™ was added to a 100 mL portion of sample or sample dilution and vigorously shaken to dissolve the medium. The entire 100 mL portion was then poured into a quanti-tray and sealed. The samples were incubated at 41°C for 24 hours. The trays were then viewed under a UV light source and the number of fluorescent wells counted. Results were calculated using MPN charts provided by Idexx.
Ammonia as N (Standard Methods, 1992)
Ammonia may occur naturally in water or be chemically added to react with chlorine to form chloramines. This method is applicable to the measurement of ammonia nitrogen in drinking, surface and saline waters, domestic and industrial wastes. This method does not require distillation, and color and turbidity do not interfere.
Samples were preserved in the field, immediately upon collection, with sulfuric acid to a pH of <2 and refrigerated until analysis. Samples were analyzed with an Orion Ammonia-selective Electrode. Four milliliters of Orion pH Ionic Strength Adjusting Solution were added to a 100 mL portion of sample and analyzed by the ion-selective electrode. With each batch of samples, quality control samples included two standards, a duplicate, and spike recovery.
NOAA AND UNIVERSITY OF SOUTHERN MISSISSIPPI MICROBIAL SOURCE TRACKING (MST) METHODOLOGIES:
MST methodologies are currently under development to assist in the identification of fecal contamination sources in the environment. Methods are presently classified as either librarydependent or library-independent, in which a "library" is defined as a database of characteristics of specific microbes, constructed from known sources. These libraries are used as identification comparisons for isolates found in fecal pollution. Libraries have been found to be location and climate sensitive, and therefore it is necessary to build a library for individual watersheds.
Library-independent methods do not need a set database for comparison; they depend on the identification of a host-specific microbe or a host-specific genome marker of a target microbe.
In this study, library-independent methods were used: the identification of somatic and malespecific coliphages as indicators of enteric viruses, the classification of male-specific (F + ) coliphages into type II and III subgroups, the identification of the human pathogen norovirus, and the identification of M. smithii as a human-specific archaean (Stewart et al., 2005) . In this study, somatic coliphages were examined per 100 mL of sample using EPA Method 1602 (2001b), the single layer agar procedure. F + coliphages were examined per 1L of sample by using the same technique on 100 mL of sample and by using EPA Method 1601 (2001a), a twostep enrichment presence/ absence procedure, on the other 900mL of sample (Stewart et al., 2005) . Isolated coliphages were grown in the presence of RNase A to differentiate between 
Coliphages

Norovirus (Stewart et al., 2005)
Norovirus is a viral pathogen, specific to humans, that is commonly transferred through the oral/fecal tract. In this study, 1L of sample was filtered through a 47mm ViroCap nanocomposite filter, and nucleic acids were recovered from the eluate using a standard CEFAS (Centre for Environment, Fisheries, and Aquaculture Science, Weymouth, UK) procedure. Using a TaqMan real-time RT-PCR assay, Norovirus genogroup II sequences were then detected from the recovered nucleic acids. As seen in Table 6 In addition to the bacterial organisms investigated in this study, BOD and ammonia were also examined to give some insight as biochemical indicators of possible pollution. BOD and ammonia are usually found at high levels in wastewater, and they factor into the components used to calculate the TMDL of Charleston Harbor. As seen in Table 3 and Chart 1, the BOD measured in the storm drain discharges remained below 10 mg/L for the most part with the exception of the Market St outfall in June and July (10.4 and 19.7 mg/L respectively). As mentioned earlier, Plum Island Wastewater Treatment Plant is regulated to an effluent BOD average below 45 mg/L weekly and 30 mg/L monthly. In comparison, the storm drain BOD values are well below regulatory limits, indicating little adverse effects on the receiving waters.
As seen in Table 6 and Chart 4, the measured ammonia as N values never exceeded 3.10 mg/L for the storm drain samples. Plum Island Wastewater Treatment Plant must keep its effluent discharge to averages less than 30 mg/L weekly and 20 mg/L monthly for ammonia as N. The peninsular storm drain effluents exhibit ammonia as N values that are very low in comparison. These results indicate that the storm drains are discharging very little pollution into the environment. Using BOD and ammonia as pollution indicators, the stormwater discharged from peninsular Charleston shows no resemblance to wastewater, and is cleaner than the regulated treated wastewater that is released into the same waters. Also, results show that BOD and ammonia, as water quality parameters, support the notion that the stormwater should have no consequential effects on the TMDL of Charleston area waters.
In conclusion, the presence of fecal pollution in the stormwater system was confirmed by the high counts of fecal coliform and enterococcus indicators along with the presence of somatic and male-specific coliphages. Human fecal pollution was confirmed only in specific areas of the stormwater system, the Market St and New Market Creek outfalls. In these localized areas, there may be possible cross connections between the sanitary sewer system and the stormwater system. Further investigation would need to be conducted, possibly using smoke or dye tests, to determine if wastewater of human origin is in fact contaminating these two areas. The overall water quality of all the stormwater outfalls, as indicated by the low BOD and ammonia results, indicates that the storm drain discharges may have little adverse effects on the TMDL of the Charleston receiving rivers and harbor.
